Magnetoelectric composites are an important class of multiferroic materials that pave the way towards a new generation of multifunctional devices directly integrable in data storage technology and spintronics. This study focuses on strain-mediated electrical manipulation of magnetization in an extrinsic multiferroic. The composite includes 5 nm or 60 nm Fe81Ga19 thin films coupled to a piezoelectric (011)-PMN-PZT. The magnetization reversal study reveals a converse magnetoelectric coefficient αCME,max ≈ 2.7 × 10 −6 s.m −1 at room temperature. This reported value of αCME is among the highest so far compared to previous reports of single-phase multiferroics as well as composites. An angular dependency of αCME is also shown for the first time, arising from the intrinsic magnetic anisotropy of FeGa. The highly efficient magnetoelectric composite FeGa/PMN-PZT demonstrates drastic modifications of the in-plane magnetic anisotropy, with an almost 90 • rotation of the preferential anisotropy axis in the thinner films under an electric field E = 10.8 kV.cm −1 . Also, the influence of thermal strain on the bilayer's magnetic coercivity is compared to that of a reference bilayer FeGa/Glass at cryogenic temperatures. A different evolution is observed as a function of temperature, revealing a substrate thermo-mechanical influence which has not yet been reported in FeGa thin films coupled to a piezoelectric material.
I. INTRODUCTION
The research on the magnetoelectric (ME) coupling saw a renaissance [1] considering multiferroic (MF) materials in 2005 [2] . MF materials [3] simultaneously show at least two ferroic orderings, such as ferroelectric (FE) and (anti-)ferromagnetic as well as ferroelastic. There have recently been a frenzy over MF materials in condensed matter physics due to their novel potential applications, including multifunctional devices such as spintronics, ME transducers, actuators, sensors, and multiple-state memories [4] [5] [6] [7] . Among multiferroic orderings, the coexistence of ferroelectricity and ferromagnetism is highly desired, as it allows electric-field control of magnetism without the need for magnetic fields, known as the converse ME effect (CME); the direct ME (DME) effect being the magnetic-field control of electric polarization [8] . Multiferroics may thus pave the way to faster, smaller, more energy-efficient data-storage technologies. The CME effect has been observed as an intrinsic effect in some oxide single-phase MF materials [9, 10] such as BiFeO 3 (BFO), one of the few rare multiferroics at room temperature, thus the most intensively investigated single-phase multiferroics [11] [12] [13] [14] .
However, most of the single-phase MF materials possess either low permittivity or low permeability at room temperature and thus exhibit weak ME coupling which hinders their applications [15] . In addition, these materials are often complicated to fabricate, potentially lead- * jay@univ-brest.fr ing to electrical leakage problems due to structural defects and impurities [14, 16] . ME composites, on the other hand, also known as extrinsic multiferroics, consist of stacked magnetostrictive and piezoelectric phases and offer a wide range of materials, as well as a flexibility in fabrication [17, 18] . These composites are a powerful tool to achieve, at room temperature, giant ME coupling response compared to those found in single-phase materials. Much efforts have been made to electrically control the magnetization via three main mechanisms: charge carrier [19] [20] [21] , spin exchange (exchange bias coupling) [22] [23] [24] , and strain-mediated coupling [20, [25] [26] [27] [28] [29] [30] [31] [32] . Particularly, the strain-mediated mechanism has been found very appealing for further exploration [16, 33] . In strainmediated composites, the ME coupling occurs when, in the case of CME, an applied electric field induces strain in the piezoelectric phase through the direct piezoelectric effect. This strain is transferred to the magnetostrictive phase and in turn induces inverse magnetostriction (Villari effect [34] ), which translates to a change in magnetic properties.
In providing the strain, relaxor-PbTiO 3 (relaxor-PT) based ferroelectrics are widely used for their excellent piezoelectric properties.
Rhombohedral Pb(Mg 1/3 Nb 2/3 )O 3 -Pb(Zr,Ti)O 3 (PMN-PZT) single crystals are an example of ternary-system ferroelectrics that provide, near their morphotropic phase boundary (MPB), many advantages when compared to their binary counterparts PMN-PT (Pb(Mg 1/3 Nb 2/3 )O 3 -Pb(Ti)O 3 ) and PZT-PT or PZT ceramics [35, 36] . They offer comparable piezoelectric coefficients (d 33 = 1000 − 2000 pC.N −1 ) and electromechanical coupling factors (k 33 ≥0.9) compared to binary crystals, while possessing arXiv:1909.12431v1 [cond-mat.mtrl-sci] 26 Sep 2019 double the coercive field values on the order of E c = 5 kV.cm −1 , higher Curie temperature (T c = 130 − 170 • C) and higher FE transition temperature (T RT = 90 − 160 • C), significantly expanding the temperature range of usage for high-power applications [36, 37] . The piezoelectric coefficient notation d ij refers to 'j ' axis as the working deformation direction under an applied E field along the polarization 'i ' axis, in compliance with the IEEE standards for relaxor-based FE single crystals [38] .
Furthermore, it is possible to increase the strain amplitude by cutting and poling the crystal along particular crystallographic directions [39] [40] [41] [42] . When the relaxor-PT crystals operate in the 110 -poled longitudinaltransverse (L-T) mode (32 mode, vibration along 001 ), they possess very high d 32 and k 32 values. Meanwhile, as the crystals are poled and driven through the thickness rather than the length, the required electric field to drive them is much lower than that for the L-L 33 mode [38, 43] . Consequently, a large in-plane anisotropic piezostrain could be achieved, with d 32 = −1850 pC.N −1 and d 31 = 599 pC.N −1 in the (011)-PMN-PZT case [44] [45] [46] [47] [48] . This is a crucial driving mechanism to the observation of large anisotropic ME properties in combination with a magnetostrictive film.
Little focus has been given to such ternary relaxor ferroelectrics in electrically controlling the magnetism. In particular, (011)-PMN-PZT single crystals have only recently been used in controlling magnetization through CME coupling in ME composites [49] , whereas they have shown a wide range of fresh interesting results in power generation and energy harvesting based on the DME effect [39, 41, 44-46, 48, 50-52] . Some of these works [39, 51] also involved galfenol or FeGa as the magnetostrictive phase considering its promising magnetic properties.
Regarding the magnetostrictive phase, FeGa thin films combine remarkable properties such as low hysteresis, large magnetostriction, good tensile strength, machinability and recent progress in commercially viable methods of processing [53] [54] [55] . Although FeGa magnetostrictive properties are comparatively lower than those of Terfenol-D (a terbium-iron-dysprosium alloy), gallium, when substituted for iron increases the tetragonal magnetostriction coefficient λ 100 over tenfold [53] . Another advantage of FeGa alloys is the rare-earth free composition; the cost is thus reduced compared to the rare-earth alloys family that also has another drawback which is brittleness.
FeGa has been the choice of magnetostrictive material for many studies, suggesting versatile proposals for the development of multifunctional devices exploiting both DME [56] [57] [58] and CME effects [9, 19, 24, [59] [60] [61] [62] [63] [64] [65] [66] . Among these studies some have reported the dynamic self-biased effect, also called remanent CME, which is a desirable property recently seeked to control the magnetization using an electric field in ME devices without the need for the assistance of an external biasing magnetic field [31, 49, [67] [68] [69] [70] [71] . Self-biased CME is indeed important for lower-energy consumption and more compact ME devices.
Nevertheless, the CME coupling has not yet been investigated in a ME composite that brings together two highly performant components in the ME extrinsic multiferroics research such as the (011)-PMN-PZT ferroelectric single crystals and the magnetostrictive polycrystalline Fe 81 Ga 19 thin films.
Furthermore, the field of multiferroics covers aspects ranging from technological applications to fundamental research problems.
The study of multiferroics increasingly influences neighbouring research areas, such as complex magnetism and ferroelectricity, oxide heterostructures and interfaces, etc [72] . This lead us to shed light over the bonding relationship of both phases in the extrinsic MF, and show how a different type of strain such as thermal strain at low temperatures can act on a magnetostrictive material depending on the substrate's nature. This indeed has never been done before on the FeGa/PMN-PZT system.
In this contribution, we report on the magnetoelectric coupling in a Fe 81 Ga 19 /(011)-PMN-PZT composite through a systematic experimental study. For FeGa sample thicknesses t FM = 5 and 60 nm, magnetization reversal loops M (µ 0 H) (µ 0 being the vaccum permeability) are first presented along the [100] and [011] directions and for only two electric field E values in section A. These measurements are then extended to bipolar E-field cycles to show the evolution of magnetic properties in section B. For more insight on anisotropy properties, we also present in section C the azimuthal behaviors of FeGa through angular measurements of M (µ 0 H) under E = 0 kV.cm −1 and E > 0 kV.cm −1 . To quantify the relative magnetization change upon applying an electric field on our ME composite, we report in section D a CME coupling coefficient α CME = µ 0 ∆M/∆E (in s.m −1 ) among the highest reported so far, and compare it to a comprehensive literature recap of reported α CME values. We show as well an angular dependency of the α CME that is strongly related to the anisotropy properties of FeGa. In the final section E, low-temperature measurements ranging from 10 K to 300 K were carried out, in order to explore the thermo-magneto-mechanical effects by comparing the FeGa temperature-dependent magnetic coercivity's behavior on two different substrates: amorphous glass and the single-crystalline ferroelectric PMN-PZT.
II. EXPERIMENTAL PROCEDURES
Samples consisting of bi-layered ME composites are prepared by depositing the magnetostrictive FeGa thin films onto the piezoelectric (011)-PMN-PZT, using radio frequency (RF) magnetron sputtering. SSCG-grown (Solid State Crystal Growth) PMN-PZT rhombohedral single crystals are commmercially available as CPSC160-95 from Ceracomp Co. Ltd., Korea [73] The PMN-PZT slabs are (011)-oriented and poled along the thickness, thus, along [011], creating an in-plane anisotropic strain behavior which allows the L-T working mode. This means that the (011) plane undergoes an anisotropic deformation while applying an electric field parallel to the [011] poling direction. Figure 1 presents the (011)-PMN-PZT unit cell along with the corresponding working mode.
As presented in Fig.1b , poling the crystal along the non-polar direction [011] creates a macro-symmetric multi-domain structure [39, 74] Such an engineered domain state is more stable than the single-domain state and offers an almost hysteresis-free strain-E behavior, because the two dipole orientations [111] and [111] are energetically equivalent and are equally populated under the [011] poling. When the (011)-oriented crystal is actuated by E parallel to [011], the two possible polar directions are expected to incline close to the E direction in each domain, which results in an increased rhombohedral lattice distortion and a large piezoelectric response. Such a move strongly deforms the (011) plane (marked in dashed blue lines): it induces simultaneously a strong compressive strain along the [100] direction (d 32 ) and a tensile strain along the [011] direction (d 31 ) [30] This results in different signs and magnitudes of the planar piezoelectric coefficients, i.e. d 32 = −1850 pC.N −1 and d 31 = 599 pC.N −1 . Therefore the (011)-oriented PMN-PZT single crystal displays large anisotropic piezoelectric properties, with |d 32 | ≈ 3d 31 .
Initially the PMN-PZT beams with dimensions 7 L × 5 W × 0.3 T mm 3 were cleaned with ethanol and acetone. A Fe 81 Ga 19 polycrystalline target with a diameter of 3 inches was used in a Oerlikon Leybold Univex 350 sputtering system. The base pressure prior to the film deposition was typically 10 −7 mbar. Fe 81 Ga 19 thin films were deposited onto the PMN-PZT beams at room temperature using 100 W deposition power, and about 10 sccm Argon pressure. The FM FeGa thicknesses were t FM = 5 and 60 nm. The stack was capped in situ with a 10 nm-thick Ta layer to protect the FeGa layer against oxidation. The growth was carried out under an in-plane magnetic field µ 0 H dep ∼ 30 mT (300 Oe) along the beam length, i.e. [100] direction ( Fig.1a ), in order to favor a preferential magnetic anisotropy direction. Other samples of FeGa/Ta with t FM = 5 and 60 nm were also deposited on Glass substrates (Schott D 263 TM [75] ) which serve as reference samples.
For the electrical study, metallic electrodes must be available on both sides of the bi-layered ME composite. Static magnetic measurements were performed to probe the magnetization reversal with a commercial Evico MOKE microscope (Magneto-Otpical Kerr Effect) [76] . An additional set-up within the MOKE apparatus was conceived to enable the application of an electric field across the sample thickness, thus allowing to perform magnetic measurements under an applied static electric field (Fig 1a) . The as-deposited samples Ta(10 nm)/FeGa(t FM )/PMN-PZT(0.3 mm)/Cu(200 nm) were held on a support inside the electromagnet. The support base contains a bottom electrode that contacts the bottom Cu layer; and the top Ta layer is in contact with a thin brass needle tip as the top electrode. Both electrodes are wired to a DC power supply (up to 300 V), and an ammeter together with a 10 MΩ protecting resistor were series-wound in the circuit to monitor the current during all the measurements.
Furthermore, the coercive field temperature dependency was obtained from M (µ 0 H) measurement using a Cryogenic cryogen-free physical properties measurement platform with a vibrating sample magnetometer (VSM) inset [77] . The magnet was initially demagnetized after which the sample was cooled in zero applied magnetic field to the desired temperature. The M (µ 0 H) was then measured using the low magnetic field option of the Cryogenic system.
III. RESULTS AND DISCUSSION

A. Electrical tuning of the magnetization reversal
Electric-field control of magnetization was carried out using MOKE that supported an additional in situ setup to enable the application of an electric field across the sample thickness. The E pointing from the PMN-PZT to the FeGa film was defined as the positive E ( Fig.1 ). Routinely, the magnetization hysteresis loops were measured along the [100] direction (ϕ = 0 • ) and the [011] direction (ϕ = 90 • ) under different values of applied electric field E: 0 kV.cm −1 , 6.5 kV.cm −1 and 10 kV.cm −1 , as presented in Fig.2 . We will characterize these loops using the quantities µ 0 H c as the coercive field, and M r n as the remanent magnetization normalized to the saturation magnetization, which is equivalent to the squareness (i.e. M r n = M r /M s ). Under no applied E, the 5 nm-thick FeGa sample's M (µ 0 H) loops show an angular dependency when comparing µ 0 H c and M r n for both presented angles ϕ = 0 • and 90 • . As for the 60 nm-thick sample, the M (µ 0 H) loops show a much less significant angular dependency; µ 0 H c and M r n show very close values for both angles. The measured values of µ 0 H c and M r n are typical of those observed for FeGa thin films [55] .
For both t FM = 5 and 60 nm, µ 0 H c and M r n values along [100] decrease when E increases, making the cycles more slanted than square. An easy magnetic anisotropy The E-field dependency of M (µ 0 H) loops along [100] and [011], thus, suggests a first sign of a switching of a magnetic anisotropy easy axis. Such an axis, when aligned along µ 0 H dep , will tend to align under E in the direction of tensile stress for positive magnetostriction λ, i.e. the [011] direction. Hence, the total energy is minimzed, including the magnetoelastic term
, where σ is the applied stress and θ the angle between magnetization and stress.
In Section C we will provide azimuthal measurement in order to provide more insight into the anisotropy behaviour of the samples.
B. Bipolar E-field measurements
The strain-mediated electric control of magnetization can be extended to a bipolar measurement cycle in which the electric field is swept through positive and negative values. We have performed such cycling as follows: E = +10.8 kV.cm −1 → 0 kV.cm −1 → −10.8 kV.cm −1 → 0 kV.cm −1 and finally back to the initial +10.8 kV.cm −1 , with a 1.6 kV.cm −1 step. In the strain-mediated FM/FE two-phase system, the bipolar-E-field controlled magnetization generally exhibits a butterfly-shaped behavior and the understanding of it has been well established in terms of the piezostrain of the FE substrate transferred to the FM layer [29, [78] [79] [80] [81] .
In CME reports, it is common to probe the bipolar-Efield tuning of the magnetic moment as M (E) loops, under a constant static magnetic bias field µ 0 H and quantify the relative change of M [26, 28, 30, 79, 82, 83] . Another way of probing the electrically-induced change in magnetization would be extracting M r n from M (µ 0 H) as function of E loops [84] , as the ones in Fig.2 . In the following, we will quantify the relative change of M r n extracted from M (µ 0 H) loops under incremented E values as: ∆M r n /M r n (0) = (M r n (E max ) − M r n (0))/M r n (0). We can see in Fig.3 the nonlinear cycles representing the evolution of µ 0 H c and M r n as a function of E along both [100] and [011] directions. As mentioned earlier in section II, the magnetic bipolar loops in Fig.3 agree well with a low-hysteresis behavior of the (011)-PMN-PZT piezostrain, an almost reversible tuning of magnetization with positive and negative E, and most importantly a remarkable modification of the magnetic properties. For instance, by looking at the 5 nm-thick sample, M r n (E) along [100] undergoes a ∆M r n /M r n (0) ≈ 72% relative decrease upon applying E max = 10.8 kV.cm −1 . Such relative decrease of magnetization has been previously observed in Co 40 Fe 40 B 20 (20nm)/(011)-PMN-PT [30] and in FeAl(10 nm)/PIN-PMN-PT [82] In the case of the 60 nm-thick sample, ∆M r n /M r n (0) is reduced to ≈ 33%. This decrease with thickness can be associated with the reduced magnetoelastic coefficient in FeGa films with increasing thickness, as we have shown in our previous study [55] . Although the (011)-PMN-PZT piezostrain is strong enough to influence the thin FeGa films, and the direct bonding of the two materials (using the sputtering technique) is among the best techniques for maximum strain transfer, the magnetostriction of the FM phase is an important factor that drives the strainmediated control of magnetization.
The relative change ∆M r n /M r n (0) along [011] follows the opposite trend.
M r n (E) increases by ∆M r n /M r n (0) ≈ 80% when E = 10.8 kV.cm −1 is applied for the 5 nm-thick sample. M r n (E) is practically unchanged for the 60 nm-thick sample, which is in agreement with the M (µ 0 H) results in Fig.2 .
We also note that the electric fields corresponding to the maximum (respectively minimum) M r n (E) along [100] (respectively [011]) in Fig.3 are ≈ ± 2 kV.cm −1 , which is smaller than the coercive field of PMN-PZT E c = 4 kV.cm −1 . This has been previously observed in similar ME composites [26] . In an ideal case, a ferroelectric P − E or S − E loop is symmetrical, so the positive and negative E c are equal and correspond to FE domains switching. Experimentally, the E c value is not an absolute threshold for FE domains switching, which may start for E values smaller than E c . These FE properties may be affected by many factors that shape a ferroelectric P − E or S − E loop including the thickness of the sample, presence of charged defects, mechanical stresses, preparation conditions, thermal treatment [85] , and relaxation effects of switching FE domains [30] .
In addition, Fig.3 shows an asymmetry of the M r n (E) and µ 0 H c (E) curves by looking at the highest E = ±10.8 kV.cm −1 , most noticeably the M r n (E) curves along [100] . This asymmetry may arise from the aforementioned factors, and has been observed previously in magnetoelectric composites [20, 26, 28, [82] [83] [84] . Small rema- nent strain states may be responsible for such asymmetry [84] . It is also presumed that an internal field in the PMN-PZT may be generated, originating from different kinds of defects (e.g. structure, fatigue, relaxation) in the FE substrate [29, 81, [86] [87] [88] [89] [90] .
C. Magnetic azimuthal evolutions under E
The previous electric-field control of magnetization results have so far been presented for the two characteristic directions [100] (ϕ = 0 • ) and [011] (ϕ = 90 • ) of the (011)-PMN-PZT. Indeed depending on thickness, FeGa exhibits a considerable angular dependency of magnetic properties as shown in Fig.2 . It would be of interest to study this azimuthal dependency to further understand the anisotropy configuration by rotating the sample in its plane by the angle ϕ with respect to µ 0 H dep . In-plane magnetization reversal measurements were performed each 10 degrees. The azimuthal evolutions of µ 0 H c and M r n as a function of E are reported for all samples in Fig.4 .
Under E = 0 kV.cm −1 , the 5 nm-thick sample shows two maxima of µ 0 H c and M r n lying along [100] or ϕ = 0 • . The axis carrying these maxima will be referred to as the "maxima axis", and in this case lies along the µ 0 H dep direction. Two smaller local maxima of µ 0 H c also appear at ϕ = 90 • . The angular dependency of µ 0 H c indicates a cubic component of the magnetic anisotropy. This has been already observed in our previous work which revealed a magnetic anisotropy with a predominant in-plane cubic component in thin FeGa films (5 nm) deposited onto glass substrate [55] . Applying an electric field E = 6.5 kV.cm −1 rotates the maxima axis by almost 70 • , and a stronger field E = 10.8 kV.cm −1 rotates it further towards the [011] direction by 80 • . Indeed applying E = 10.8 kV.cm −1 also changes the azimuthal shape of µ 0 H c and M r n which is typical of a uniaxial anisotropy (i.e. two µ 0 H c maxima at ϕ = 80 • , two M r n maxima at ϕ = 90 • , and two minima at ϕ = 0 • ). This amount of maxima axis rotation is higher than the reported 55 • value in FeAl(10 nm)/PIN-PMN-PT under E = 10 − 12 kV.cm −1 [82] . It is worth noting that the µ 0 H c maxima have higher values µ 0 H c,max = 4 mT under the highest E = 10.8 kV.cm −1 compared to the maxima µ 0 H c,max = 3 mT under no applied E. The same remark can be done for the 60 nm-thick sample [30] .
Under no applied E, the situation is different for the 60 nm-thick sample: the angular dependency of µ 0 H c is quasi-circular, revealing a random magnetic anisotropy dispersion [91, 92] . This has also been observed in our previous paper [55] , in which the cubic component of the 5 nm-thick films faded away, but did not vanish, to a more random anisotropy dispersion with increasing thicknesses (≥ 20 nm). Such behavior was attributed to a predomi-nant texture in thinner films which, in thicker films, is replaced by a non-preferential polycrystalline arrangement. Cullen et al. [91] suggests that a competition between coherent and randomly oriented local anisotropies leads to zero or very small net anisotropy in FeGa thin films with almost the same composition (∼ 20 % Ga content). In a recent study [92] , magnetic domain structure observations in FeGa/MgO thin films evidenced this competition between the coherent cubic anisotropy and the random anisotropy contribution.
Under the highest field E = 10.8 kV.cm −1 , two maxima of µ 0 H c and M r n appear at ϕ = 80 • and are accompanied by the development of two local maxima of M r n close to ϕ ∼ 0 • . It is clear that the random anisotropy character vanishes, leaving out a coexistence of the coherent cubic and uniaxial components under the strain. Under the field E = 6.5 kV.cm −1 , an intermediate behavior is observed.
D. Magnetoelectric coefficient α CME
To quantify the electric-field-induced variation of magnetic properties, it is convenient to introduce the converse magnetoelectric coupling coefficient defined by α CME (expressed in s.m −1 ), which represents the variation of the magnetization under an applied electric field.
Several methods may be used to calculate α CME . The first one (method a) is to consider α CME as the slope (first derivative) of a M (E) loop, i.e. directly measuring the magnetization change as a function of a changing electric field either under a constant static magnetic bias field µ 0 H [8, 25, 26, 30, 49, 82, 93] , or by saturating the FM film with µ 0 H and then removing it [83] . In another method (method b), α CME is determined by computing the magnetization from magnetoresistance loops measurements in a spin-valve device [94] . In our case, an alternative method (method c) consists of calculating α CME using the following equation [27, 28] :
with E 0 = 6.5 or 10.8 kV.cm −1 . This relative change in magnetization under an applied electric field E is directly computed from the M (µ 0 H) loops presented in Fig.2 . The FeGa thin films in this study have a saturation magnetization µ 0 M s = 1.15 T [55]; we can thus deduce the α CME values in s.m −1 as shown in Fig.5 along both characteristic directions [100] and [011] of the (011)-PMN-PZT.
The results reveal a maximum α CME = 2.4 × 10 −6 s.m −1 for the 60 nm-thick sample along [100] . This value is indeed obtained for lower ∆E = 6.5 kV.cm −1 , and for magnetic bias field values near µ 0 H c . Also, for the 5 nm-thick sample, a higher α CME = 1.5 × 10 −6 s.m −1 is obtained along [100] than along [011]. Indeed, these results are correlated with the fact that the magnetization reversal loops in Fig.2 are more significantly modified along [100] than along [011] under E = 6.5 kV.cm −1 .
Besides, it is interesting to see non-zero α CME values at zero bias field µ 0 H = 0, especially for the 5 nm-thick sample: α CME ∼ 0.7 × 10 −6 s.m −1 for H// [100] and ∆E = 10.8 kV.cm −1 . These values correspond to a remanent magnetoelectric coupling at zero bias field µ 0 H, which is related to the hysteretic magnetic behavior and the strong remanent magnetization [49, 71] . This is truly encouraging for the dynamic CME self-biased potential of FeGa/PMN-PZT in applications, which is revealed in measurements that assess the magnetization change under an alternating AC electric field superimposed to a DC magnetic bias field µ 0 H (yielding a non-zero remanent CME(µ 0 H) at µ 0 H = 0) [31, [67] [68] [69] .
Furthermore, as we have performed azimuthal measurements shown in Fig.4 to assess the angular dependencies of µ 0 H c and M r n , this led us to believe that the CME behavior may rely specifically on certain non trivial orientations ϕ rather than only the crystallographic [100] and [011] directions. We have, thus, calculated the angular dependency of α CME by applying the same method used in Fig.5 to the M (µ 0 H) − ϕ loops used in Fig.4 . The maximum value of α CME is subsequently plotted as α CME,max for each angle ϕ in Fig.6 . The angular behavior of α CME,max shows peculiar symmetry shapes especially under ∆E = 6.5 kV.cm −1 . This confirms that the as-considered α CME method (c) depends exclusively on the measured M (µ 0 H) − ϕ loops' characteristics related to both µ 0 H c and M r n . We remind the reader that these α CME,max correspond to peak values of α CME for bias field values µ 0 H close to µ 0 H c (Fig.5) , and not α CME taken at zero bias field µ 0 H. The zero bias field µ 0 H corresponds exclusively to the M r n (E) case that was explored in Fig.3 .
By looking at the 60 nm-thick sample, we can deduce an even higher value than the ones obtained at ϕ = 0 • and 90 • of α CME,max ≈ 2.7 × 10 −6 s.m −1 at ϕ = 30 • . Such results are reported for the first time and indeed confirm the anisotropic nature of CME in anisotropic FeGa thin films. A stronger electric field E = 10.8 kV.cm −1 brings about a more uniform four-fold symmtery of the α CME,max for all samples. Two maxima values α CME,max ≈ 1.8 × 10 −6 s.m −1 are found around ϕ = 90 • and two lower maxima around ϕ = 0 • . This behavior is similar to the stronger µ 0 H c modification by E along [011].
To our knowledge, this value of α CME obtained at room temperature is several orders of magnitude higher than the reported values for single-phase multiferroics in the CME literature, as well as higher than or comparable to reported values in other composite multiferroics. In Table I a comprehensive list is given of the reported CME values.
It is important to note that such a high achievable α CME is obtained within a unipolar measurement of |∆E| = |0 − 6.5| kV.cm −1 with a non-180 • polarization switching of the (011)-PMN-PZT ferroelectric domains (as explored in the bipolar measurements in Fig.3 ), which is expected to fatigue the FE single crystal, induce relaxation effects, and alter the performance of ME devices [78, 87] . Therefore, electric-field control of magnetization in the unipolar case should be preferred for example for the high-speed applications of SME-RAMs (Strainmediated MagnetoElectric Random Access Memory) in similar structures [5] . Another key point is that our value of α CME coupling is obtained in a static non-resonant mode of measurement. This is not only promising for realizing non-resonant ME devices, but also appealing to perform dynamic measurements which are expected to boost this value of α CME , but are beyond the scope of this study.
Thus, the tunable converse ME effect reported here is particularly significant in terms of strong magnetization reversal variation. Finally, even if a higher α CME is achieved with the thicker 60 nm FeGa film, it is noteworthy that α CME of the thinner 5 nm film is still high enough compared to the other reported values for thicker films in Table I . The 5 nm film offers also the advantage of a non-zero remanent α CME , i.e. at µ 0 H = 0. 
E. Thermo-mechanical effects
In the previous sections the magnetoelectric effect has been investigated in the FeGa/PMN-PZT compos- ite. The strain driven by an applied electric-field on the PMN-PZT substrate indeed manipulates the FeGa magnetization state and anisotropy. Another parameter that may modify the internal strain and stress -and, thus, the magnetic anisotropy through inverse magnetostriction -is temperature through thermal expansion. Temperature is an important factor for the stability of ME devices operating in complex environments. ME effect has only rarely been reported at low temperatures for power generation (DME) [96, 97] . However measuring the temperature-dependent ME effect in our samples is beyond the scope of this study. Instead we have aimed to examine the potential influence of the PMN-PZT substrate's thermal expansion on the FeGa magnetic properties as a function of temperature, in order to gain more insight on how thermal strain can act on a magnetostrictive material deposited on ferroelectric single crystals.
We have performed magnetic temperature measurements, using a Cryogenic free physical properties measurement platform with a VSM insert. The sample is zero-field cooled (ZFC) to the desired temperature (from 300 K down to 10 K as an example), then M (µ 0 H) is measured, from which we can extract the coercive field µ 0 H c . We note that the results were the same in both ZFC and field-cooled (FC) modes. We used two different substrates for the purpose of discriminating between the FM thermal expansion and that of the substrate: amorphous glass and the single-crystalline ferroelectric PMN-PZT. Samples, thus, consist of Ta(10 nm)/FeGa(t FM = 5; 60 nm)/PMN-PZT(0.3 mm) and the reference bilayer Ta(10 nm)/FeGa(t FM = 5; 60 nm)/Glass(0.5 mm). The corresponding M (µ 0 H) loops are presented in Fig.7 for both temperatures 300 K and 10 K. M (µ 0 H) loops in Fig. 7 show a drastic influence of temperature on µ 0 H c values. The remanence however is not affected. For both thicknesses, µ 0 H c values are similar at room temperature 300 K on both substrates. At 10 K, these values diverge depending on the substrate.
The evolution of µ 0 H c as a function of the measuring temperature for both substrates and t FM are presented in Fig.8 . µ 0 H c typically decreases with increasing temperature, as a result of thermal agitation [13, 55] . Nevertheless, comparing one t FM of FeGa on both substrates (blue and orange circles) reveals a clear difference in the curve slope ∆(µ 0 H c )/∆T. Therefore below 300 K, µ 0 H c values of one FeGa t FM gradually diverge when comparing both substrates. In particular, µ 0 H c of the 5 nm-thick sample increases between 300 K and 10 K approximately sixfold on PMN-PZT, whereas on glass it increases threefold. It is also noteworthy that the µ 0 H c (T) curve slope ∆(µ 0 H c )/∆T is independent of the film thickness, by revealing almost parallel curves (color-filled or open circles) of both t FM on a single substrate. This has also been shown in Fig.7 of our previous work [55] .
A similar substrate-dependent trend of µ 0 H c evolution at low temperatures was also observed when comparing exchange biased FeGa/IrMn bilayers deposited onto piezoelectric PVDF for electrical manipulation, and on Si substrates [98] .
Consequently, at low temperatures, when FeGa is grown on the piezoelectric PMN-PZT, its coercivity responds differently to thermal strain compared to the growth on glass. This indeed reveals a combined thermomagneto-mechanical effect, which has been previously observed in other systems [98] [99] [100] . Such phenomena may be attributed to the difference in the elastic properties of both glass and PMN-PZT substrates [40, 97] . 
IV. CONCLUSION
In summary, we demonstrate an electrical modulation at room temperature of magnetic properties in an extrinsic multiferroic fabricated by sputtering polycrystalline Fe 81 Ga 19 thin films onto (011)-cut and poled PMN-PZT ferroelectric single crystals.
In-plane azimuthal magnetization reversal measurements enabled to assess, under an applied electric field, the modification of the magnetic anisotropy character : the cubic component in thinner films (5 nm) shifts towards a predominant uniaxial component. This shift is accompanied by a 90 • rotation of the as-deposited preferential anisotropy axis, and a relative remanent magnetization change of about 80%. In thicker films (60 nm), the random anisotropy character vanishes under E leaving out a coexisting cubic and uniaxial character.
With the assistance of small magnetic fields near µ 0 H c values, an electric field is capable of switching the magnetization state, and achieve a converse magnetoelectric coupling coefficient α CME = 2.7 × 10 −6 s.m −1 at a given angle ϕ = 30 • between µ 0 H and the deposition field direction µ 0 H dep . This sizable ME coupling is attributed to many important factors: the high in-plane piezoelectric coefficients of (011)-PMN-PZT, the reasonable magnetic properties of FeGa such as the high saturation magnetization and the high magnetoelastic coefficients, as well as the angular dependency of FeGa magnetic properties. This reported value of α CME is among the highest previously reported values in single-phase multiferroics or similar composites. We have also shed light for the first time on an azimuthal behavior of the α CME driven by, not only the anisotropic ferroelectric substrate, but also the anisotropic FeGa. This ME multiferroic composite promises good results regarding the self-bias effect in a dynamic measurement to achieve remanent CME, at zero magnetic bias field. Such highly performant combined materials may increase the pace towards novel multifunctional devices such as microwave devices, where anisotropy is required, and electrically tunable magnetoelectric memories.
We also find that the FeGa anisotropy characters manifest the same at room temperature on two different types of substrates, i.e. amorphous glass and single-crystalline ferroelectric PMN-PZT. However at low temperatures the mechanical nature of the substrate strongly influences the magnetic behavior. This provides a useful insight into the bonding nature of magnetostrictive and piezoelectric materials, and ultimately into the performance of CME composites in complex environments involving cryogenic temperatures.
